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I. Motivation
Since the mid-90s, microsatellites (mass less than 100 kg) have been identified as an enabling concept for various future industry, military and science space missions. Microsatellites offer considerable value and effectiveness over a wide range of applications. Low complexity, manageable development, availability and applicability of low-cost technologies, low mass, low launch costs and non-conventional launch alternatives (piggy-back options) are attractive factors for many application needs. Besides the traditional demands by industry, academia, government and military agencies, developing countries around the world have deployed and are considering microsatellites as significant tools for disaster warning and farming, among others, due to their attractive attributes. To date, close to 100 small satellites (s/c mass below 250 kg) have been launched into orbit. Notably, there has been a fast growth in the number of nanosatellites (mass of 20 kg and less) launched per year in the last decade.
1 These spacecraft are launched into orbits above 400 km with various inclinations to fulfill the specific need of the mission objective. The majority of these satellites possess no propulsion capability, while some are equipped with thrusters for initial orbit insertion such as cold gas microthrusters (SNAP-1), 2 chemical thrusters (XSS-10), micro pulsed plasma thrusters (FalconSat-3), 3 and Hall thrusters (TacSat-2). 4 An example of an industrial microsatellites program is ORBCOMM, one of very few fully deployed microsatellite constellation platforms that have 29 satellites in LEO, each equipped with a cold gas thruster for initial orbit insertion, but without any fuel allocation for stationkeeping. 5 With the upcoming launch of the LISA Pathfinder Mission in 2009, micro-Newton colloidal thrusters will be tested on orbit as a part of the disturbance reduction system (ST7-DRS).
6 ST7-DRS is a technology demonstration mission sponsored by NASA's New Millennium Program, which initiated research and development of advanced technologies for spacecraft. One of its major aspects is miniaturization to support high launch frequency of small, low-cost spacecraft. To date, this program spun off many micropropulsion system developments of both chemical and electric propulsion technologies. A prospective micropropulsion concept relies on a capacitive RF discharge between co-axial electrodes. The present paper explores numerical methods to assess propulsive capabilities of this concept as a potential micropropulsion system.
An alternative micropropulsion concept is the Radio-Frequency Capacitively Coupled Discharge (RFCCD) microthruster. This type of thruster is classified as an electrothermal system and has potential to overcome these severe microsatellite constraints. A capacitively coupled RF discharge between coaxial electrodes provides propellant heating and thermodynamic expansion of the gas generates thrust.
II. Background
A Radio-Frequency Capacitively Coupled Discharge is a type of gas discharge created by oscillating an applied potential across two electrodes at RF frequencies. The RFCCD is time variant, operates using both displacement and conduction currents and consists of two major regions. The discharge is composed of a central quasi-neutral region which is analogous to the positive column of a DC glow discharge and sheath regions which exist between the quasi-neutral core and each electrode. The sizes of each region depend on the operating pressure, applied voltage, and electrode sizes. 7 The creation of sheaths represents a change in electron/ion number density due to electron/ion diffusion into the electrode itself and whose structure oscillates with the applied field. The energy of the applied electric field in RF discharge is being transferred to the bulk gas due to collisions between plasma species and the neutral propellant. The resulting plasma heating of the propellant can be exploited for electrothermal propulsion.
While this thruster technology is relatively new, RF discharges have been previously utilized as a propulsion mechanism, albeit in different ways. [8] [9] [10] [11] [12] [13] RF has been used as either a means for ion production in electrostatic thrusters, or a means to heat a fluid similarly to a microwave thruster operating a much lower frequency. RFCCD utilizes the RF component to contain as well as heat the ions produced by the glow discharge. The RFCCD has been investigated most extensively in the application to etching and sputtering.
14, 15 Etching/sputtering research is primarily devoted to a low-pressure discharge in argon with a goal to effectively sputter or etch the target material and not necessarily with a goal of heating the fluid. While the process is effectively the same, the objectives of a sputtering/etching discharge is the opposite of those required for an RF plasma thruster operation. Work has also been done regarding the use of different gases within the discharge.
16-18 These investigations illustrate differences and possible benefits of utilizing different propellants for the RFCCD microthruster.
The most technically similar work was performed in 1999 19, 20 and focused primarily on investigating electrode erosion and the effect of characteristic operating parameters such as massflow, applied frequency, applied power, and electrode separation distance. It was performed with a large "proof-of-concept" thruster having an inner electrode diameter of approximately 5 cm. This work illustrated a reduction in electrode erosion when compared to operation in a DC mode as well as a small rise in temperature within the thruster.
Our previous work [21] [22] [23] investigated the effects of pressure and frequency on performance of a 50W RFCCD microthruster. This was done at a constant applied potential and inner radius corresponding to conditions similar to that in the experiments. 24 One selected favorable discharge case (3 Torr, 500 V, 200 MHz) and the corresponding plasma densities and gas heating formed the basis for an in-depth flow field and thrust performance analysis using the DSMC method. Assuming adiabatic wall conditions, the RF plasma thruster achieved a specific impulse of 63.8 s with argon at a throat Reynolds number of about 25. The RF heating increases the specific impulse by 44% compared to cold gas thruster at the same geometry and pressure.
The present work discusses the effects of gas heat transfer within an RFCCD and their implications on microthruster performance. This is done by comparing the neutral gas temperature and the power transmitted into the fluid at various conditions. Trends of these variables are also explored as a function of applied potential and discharge pressure as well as their implications on theoretical specific impulse and power transmission efficiency.
III. Particle-In-Cell/Monte Carlo Collision Method
The Particle-In-Cell/Monte Carlo Collision (PIC/MCC) method is currently the most powerful approach for kinetic plasma modeling in the sub-continuum regime.
25, 26 PIC/MCC simulations are used in this model to determine plasma characteristics within the coaxial discharge chamber. The model used in this investigation utilizes XPDC1, a one-dimensional, bounded, cylindrical plasma simulation code developed by the Plasma Theory and Simulation Group at the University of California at Berkeley. XPDC1 uses both particle-in-cell and Monte Carlo collision methods outlined by Birdsall 27 to simulate bounded plasma discharges. The simulation consists of a discharge region confined by coaxially arranged inner a and outer electrodes of a finite length which are connected to an external circuit. The discharge consists of two species of particles, electrons and ions, suspended in a uniform background of neutral particles which are at a constant temperature. Both electrons and ions are discretized into computational superparticles, and represent a prescribed number of physical particles. These computational particles are initially distributed uniformly throughout the discharge and used to model collisional processes within the discharge. The charged particle dynamics are governed by their equations of motion. For nonmagnetized plasmas, a particle's equation of motion can be expressed as
A force is applied to a charged particle via an electric field, which determines the particle properties ( r, v) within the discharge. Particle weighting is then applied to discretize these properties such that they can be applied to grid points determined by the cell boundaries. This allows for the particle properties to be numerically integrated along with the entire system. Weighting provides an efficient translation between the particles themselves and the properties developed at each cell boundary. The boundary conditions of the discharge are determined using a potential applied across the electrodes from a voltage source b and an external circuit. Applying Gauss' law to the system determines the boundary conditions of the discharge
where the surface, S encloses the discharge and the electrodes. The areas A 0 and A 1 represent the inner and outer electrode areas and σ 0 and σ 1 represent the surface charge present on the inner and outer electrodes. ρ is the net space charge calculated from a sum of the electrons and ions within the discharge. This relationship can be discretized about each node of the grid using
which is obtained by applying a central difference to Equation 2. At the outer electrode, the boundary condition Φ b = 0 is applied such that it is fixed at a reference potential while the boundary condition at the inner electrode is E a = σa amd can be again rewritten using central difference as
and is solved in a tridiagonal form at each timestep. Equation 4 is coupled to the external circuit using charge conservation at each electrode
a It is possible to model a discharge without an inner electrode. b or a charge is applied to each electrode via a current source where Q conv represents the convective deposit of charge from the discharge and ∆Q represents the change in charge due to the external circuit. The charge on each electrode is advanced using Kirchhoff's Voltage Law for a RLC circuit
This is again discretized and solved along with Gauss' Law to form a self-consistent solution. To specify a capacitively coupled discharge, the capacitance of the external circuit is set to 1 F , which is much greater than the capacitance of the plasma, C C plasma . This is done to ensure the majority of the voltage is applied across the discharge and not the blocking capacitor. The external circuit resistance and inductance are set to zero.
The argon collisional model employed in XPDC1 includes electron-neutral ionization, lumped excitation and electron-neutral elastic scattering collisions using Lawler-Kortsghagen cross-sections. 28 Ion-neutral resonant charge exchange and ion-neutral elastic scattering collisions are also incorporated. 29 The LawlerKortsghagen cross-sections and the ion-neutral cross-sections are expressed as Equations 7-12
σ ele = 1.59 × 10 −19 ε e 11.55 ε e ≤ 11.55eV (9)
ε e 11.55 ε e > 11.55eV (10)
where ε iz = 15.76 eV and ε ex = 11.62 eV for argon. The particle energy determines the cross-section for each type of collision. These properties along with properties of the neutral species determine the collisional probability for the m th particle in a time-step ∆t as
The collisional probability is then compared to a uniform random number, R n . If P collision,m > R n , the particle collides and is scattered in the time-step ∆t. The type of collision is determined and the appropriate scattering angle and velocity change. If ionization and excitation collisions occur, an energy balance is performed on the system of particles to determine their new velocities, including the internal energy loss. For a given number of particles per cell, with a cell-collisional cross-section (determined by the particles with the maximum energy), P collision,m × n p particles may collide, and each of these particles are then checked to determine its collisional state. The entire PIC/MCC process is shown in Figure 1 . The computational parameters of the PIC model were chosen to meet the following criteria for numerical accuracy:
• Number of Cells: nc ≥ The discharge is simulated for at least 1000 RF cycles until the plasma number densities stabilize within ±1% of the average number density of the last 100k timesteps. The estimated statistical errors for the various power loss mechanisms are shown in Table 1 and are calculated by taking the ratio of the standard deviation to its average. The values in Table 1 represent averages of the statistical errors for all the cases simulated at the specified conditions. The average statistical error in both the electron and ion number densities for all conditions was less than 1% and is not shown.
The power lost to the walls presents the largest statistical error for these cases, with the power lost to ionization collisions being the next largest. These errors can introduce large uncertainties in the calculation 
of the power transmission efficiency, especially when the power transmission efficiency is small. For regions where the power transmission efficiency is relatively high for instance, the 5 mm inner radius 500 V cases, the magnitude of the power lost to ionization and the walls is relatively small when compared to that of the power transmitted into the fluid or the power lost to excitation. This is mainly because the power transmitted into the fluid and the power lost to excitation collisions represent the majority of the power absorption in the discharge. Thus, as power transmission into the fluid increases, the overall effect of these statistical errors on the power transmission efficiency is reduced.
IV. Neutral Temperature Model
Since the main goal of these simulations is to study the performance and behavior of a microthruster which utilizes an RFCCD to heat a working fluid, neutral gas heating effects need to be taken into consideration. XPDC1 was originally written to model different plasma discharges at lower pressures where modeling via PIC simulations is efficient. Within this realm, heat transfer to the neutral gas species can be considered negligible and thus is not simulated. This investigation borders on the periphery of this model and must range from a collisionless regime to that of a continuum, where changes in neutral gas temperature become more prevalent. Thus, gas temperature variation must be incorporated in order to make the simulation selfconsistent within sub-continuum and continuum regimes. Both the original constant temperature and gas heat transfer models were used in order to better understand the effect of heat transfer within the discharge.
The original code, XPDC1, was augmented to incorporate real-time changes in the discharge as a result of plasma heating. The neutral gas temperature is calculated based on period-averaged power transmission into the fluid by solving 1-D heat conduction in the coaxial electrode gap with fixed temperature boundary conditions. This is traditionally solved using Joule heating with a diffusion-drift approximation. 30 In PIC simulations though, it is possible to utilize the actual power transmission that occurs with the various types of plasma-neutral collisions.
Four power loss mechanisms exist in this regime, namely due to elastic P el C , charge exchange P cx C , ionization P iz C , and excitation collisions P loss mechanisms. These power loss mechanisms are calculated for both species using the following relations:
Wall Diffusion: 
Transmitted into the Fluid:
Due to the assumption that Coulomb collisions are negligible, there are only certain combinations of collisions that are modeled in this simulation. Electrons can collide with neutrals via elastic, ionization, or excitation collisions whereas ions and neutrals collide elastically or via charge-exchange. Elastic and charge-exchange collisions directly transfer energy from the plasma to the neutrals. Conversely, ionization and excitation collisions serve a different purpose. Ionization collisions create ion-electron pairs which help sustain the plasma and offset diffusion losses. The remaining energy that is not used to ionize the neutral atom is transferred directly to the energy of the new ion/electron pair. The power lost to excitation collisions is regarded as a similar loss mechanism. It is not used to heat the working fluid, but is lost via the excitation of electrons within the outer valence shells of the neutral molecules which is then re-emitted via the "glow". While it is understood that some of the photonic power re-emitted from the excited neutrals could be used to heat the fluid, it is believed to be negligible in comparison to the sum of the other heating mechanisms and is not modeled in this simulation. The neutral gas temperature is calculated using Gaussian elimination with partial pivoting every 1,000 time steps. A distribution of the time-averaged power transmitted into the fluid is used to solve for the temperature distribution throughout the discharge. The thermal conductivity of argon is calculated using a power-law temperature model and the temperature distribution at the previous timestep The temperature boundary conditions for this investigation have been set to 300 K since the wall thermal boundary conditions are dependent on the specific thruster design and operating conditions than a specific value.
The neutral gas temperature within the discharge is solved using Gaussian elimination with partial pivoting for discretized numerical derivatives of Fourier's Conduction Equation:
1 r ∂ ∂r kr ∂T ∂r +q = 0 (22) While k = f (T ), it is assumed constant at each timestep and thus can be removed from the derivative. When numerically solving for the temperature k becomes solely a function of radius, and is calculated using values from the previous timestep. Using the central difference method Equation 22 becomes
and can be solved using Gaussian elimination with partial pivoting to determine the temperature distribution within the discharge. The temperature solver was compared to analytical solutions which were solved using constant thermal conductivities. The appropriate heat-source terms were back-calculated from desired temperature distributions and then inserted into the numerical model to compare the numerically solved temperature distribution to that of the chosen analytical solution. This procedure was performed for many different temperature distributions to observe the validity of the model under different conditions, all of which produced similar results. The thermal conductivity model was also validated separately using three different sets of experimental data. The thermal conductivity model was derived using the method presented in Bird Eq.3.56 and using a variable hard sphere model (VHS). 
V. Discharge Properties
The electron and ion motions within the gas discharge are governed by the applied electric potential and momentum transfer due to collisions with neutral gas molecules. 15 Coulomb collisions between ions and electrons can be neglected for an RF discharge of this type due to weak ionization, typically n i /n g < 10 −3 . The oscillations of ions and electrons in a gas discharge are due to a combined effect of two processes, namely the drift of charges in an electric field and momentum transfer due to collisions. The frequency of such oscillations depends on the effective collision frequency of momentum transfer between charged particles and gas neutrals ν m , and the applied frequency ω. The ratio between the two frequencies is thus a non-dimensional number that characterizes the collisional regime. In a limiting case, when ω/ν m 1, the plasma is described as a collisional continuum governed by the electrohydrodynamic equations. Conversely, for ω/ν m >> 1, the ions and electrons undergo free oscillations in a collisionless manner which is described by ballistic-type models. In the transitional regime between the continuum and collisionless plasmas, a kinetic description based on the distribution function of charges is required. For argon, the effective frequency of momentum transfer due to plasma collisions is estimated as 32, 33 
with pressure in Torr and ν m0 = 5.3 × 10 9 Hz T orr for argon. Figure 2 shows the collisional regimes of argon discharge as a function of gas pressure and applied frequency. For pressures larger than 10 Torr, the plasma lends itself to a continuum description for frequencies up to 1 GHz. For pressures below 10 Torr, the discharge is in a non-continuum regime for the whole RF frequency range. Therefore, to accurately predict argon discharge characteristics at low and moderate pressures, this study applies a kinetic approach based on particle-in-cell method with Monte Carlo collisions (PIC/MCC). RFCCD microthruster performance is characterized chiefly by its ability to efficiently convert energy of the applied electric field into the propellant enthalpy and then to kinetic energy in the nozzle expansion. This ability can be characterized through a ratio of power transmission into the fluid over the total absorbed power
This parameter η P C is an indicator of how much power is available to heat the fluid for a given amount of total power delivered to the thruster. Increasing the power transmitted into the fluid increases the neutral temperature and thus improves microthruster performance. This can also provide a metric for evaluating electrode erosion. While particle collisions with the electrodes cannot be totally eliminated in general, conditions can be sought that effectively minimizes the power lost to the electrodes. This analysis also considers limitations in applied power. The PIC/MCC code incorporates either a voltage-limited or current-limited source but does not include any type of power limitation. This poses a problem since the applied power will be physically limited by the type of power supply that is ultimately used. For the scope of this analysis, cases which have a total power absorption of approximately 50-75 W are considered desirable for a thruster of this type and mission. Other cases which provide a power consumption outside this range are presented to express overall trends, but are not used for thruster design.
For discharges operating at these conditions, ionization and particle diffusion dominate the net particle generation rates, whereas recombination and convective losses have been found to be negligible. 30, 34 These rates are compared for a design case in Table 2 . 
VI. Plasma-Neutral Heat Transfer Effects
To better understand how gas heat transfer affects the characteristics of the plasma discharge and their performance implications on an RFCCD microthruster, four cases were analyzed with both temperature models. Each case corresponds to a different power level at a different set of input conditions and the results from this analysis are shown in Table 3 . How the neutral gas heat transfer affects the discharge characteristics depends on the operating conditions of the thruster. Over this range of input conditions, the power transmitted into the fluid varies greatly. Even at a lower power, heat transfer to the neutrals is non-negligible. As power is transmitted to the neutral gas, the neutral temperature rises, reducing the gas density and thus the neutral collision frequency. This reduces the plasma's effectiveness to transmit power into the fluid and thus reduces the gas temperature until the discharge becomes stable. Thermal conductivity effects are also non-negligible, especially for higher power/higher temperature discharges. The temperature distributions for these four cases are compared in Figure 3 .
Gas heat transfer not only affects the bulk parameters of the discharge but also affects the shape of the discharge as well. The presence of higher neutral temperatures in the discharge reduces the electron number densities of the plasma, as aforementioned, but also affects their distribution shape. An increase in neutral temperature effectively reduces the discharge pressure via a reduction in neutral number density. This effect can be shown using the plasma-neutral collision frequency estimated in Equation 24. Neutral temperature and power transmission effects were also explored. These cases were simulated using a 160 MHz applied frequency, a 3.175 mm inner radius, and at discharge pressures of 1.9, 3.5, and 5.0 Torr. Figure 4 illustrates both P abs and P f versus applied potential. Both types of power consumption increase as a function of pressure and voltage as expected from earlier studies. 21, 22 It is of note that the P f increases with applied potential much faster than P abs . The total absorbed power increases in a near linear fashion above potentials of approximately 75 V at which the discharges transition and will be discussed in more detail below. Figure 5 (a) shows the power transmitted into the fluid, the total absorbed power, and the remaining power losses as a function of applied potential at a constant pressure of 1.9 Torr. While the power transmitted into the fluid increases at a faster rate than that of the total absorbed power, there are always other modes of power losses present. As the applied potential is increased, the power losses increase at a much slower rate than the power transmitted into the fluid. Thus, the discharge becomes more efficient as the applied potential is increased. The discharge becomes 50% efficient when the P f equals power loss and happens between 175 and 200 V at a discharge pressure of 1.9 Torr. This point is also shown in Figure 5(b) .
The relationship between the transmission efficiency and the applied potential is shown in Figure 5 (b). Again, the trend changes at the transition voltage, changing from a sharp increase in transmission efficiency into one that increases slower than linear. The transmission efficiency increases quicker for lower pressures, but also approaches a maximum or asymptotic value quicker. Figure 5 (b) also suggests that there may be a maximum transmission efficiency for which a discharge operating at a given set of conditions may attain, i.e. an increase in potential no longer increases the transmission efficiency as effectively. Figure 4 (a) that this transition region does not appear in trends of P f versus applied voltage. Thus, this transition must be solely a function of the excitation and ionization power losses as well as influenced by power losses to the electrodes. At the lower voltages (25, 50 V ), there is enough ionization to sustain a discharge, but the discharge is still dominated by diffusion losses. Only until the applied potential increases past approximately 75 V does the discharge become fully developed. This transition from a diffusion dominated discharge to a more developed discharge is illustrated in Figure 6 (a) with changes in temperature distributions in the discharges shown as Figure 6 (b). Beyond this transitional region, the charge-exchange power loss outpaces both the excitation and ionization power losses, creating a more efficient discharge. Figure 7 (a) compares neutral temperature in the discharge to the applied potential. The neutral temperature increases slightly faster than linear, with two different slopes corresponding to either side of the transition potential and is only a weak function of discharge pressure. This is surprising given the fact that the power transmitted into the fluid can increase with an increase in discharge pressure. The effect on neutral temperature can also be expressed as a percent increase in the theoretical specific impulse relative to that derived from a cold gas expansion for a converging nozzle in continuum using:
where T ref is 300 K and the theoretical I sp for a cold gas expansion is 56.8 s. The theoretical specific impulse is illustrated in Figure 7 (b) and shows a trend similar to that of the neutral temperature in Figure 7 (a). The theoretical I sp increases in an approximately linear fashion with respect to applied potential and the discharge pressure above the transition potential. The slopes of the theoretical I sp versus pressure data are 0.34 and 1.33 for constant voltages of 75 and 250 V respectively, with the slopes of the theoretical I sp versus voltage data being 0.03 and 0.05 for constant pressures of 1.9 and 5.0 Torr. Thus, an increase in the discharge pressure is more beneficial in terms of theoretical I sp than an increase in applied potential. 
VII. Conclusions
An RFCCD discharge was successfully modeled using a PIC/MCC method. It has been demonstrated that there is a transition voltage below which discharges are diffusion dominated, yet sustainable. A gas heat transfer solver was implemented within PIC/MCC simulations and illustrated where heat transfer to the neutrals plays a integral part in determining discharge characteristics. The plasma-neutral collision frequency is the largest influencing factor for determining power transfer to the fluid. Thruster performance and discharge characteristics can be further improved by increasing the applied potential. Power transmission into the fluid and power transmission efficiency increases with an increase in applied potential which has also been demonstrated in previous studies.
